Introduction
============

Colorectal cancer (CRC) is a major public health problem and the leading cause of death in the economically developed and developing countries, and is a growing burden worldwide due to increasing of the aging population ([@b1-or-38-04-2123],[@b2-or-38-04-2123]). According to the statistics, CRC is the third most commonly diagnosed and deadly cancer both in males and females, with an estimated 69,090 and 63,610 new cases, and 26,100 and 23,600 deaths, respectively ([@b1-or-38-04-2123]). The incidence rates of CRC are much higher in the developed countries such as Northern America, Europe, and Australia, while they are lower in economically underdeveloped areas for instance South-Central Asia and Africa ([@b2-or-38-04-2123],[@b3-or-38-04-2123]). In the recent decades, the incidence rate is increasing notably in Asia, South America and Eastern Europe, which may reflect the adoption of lifestyle behaviors that increase the colorectal cancer risk, including smoking, unhealthy diet, obesity, and physical inactivity ([@b3-or-38-04-2123],[@b4-or-38-04-2123]).

On the contrary, decreasing morbidity and mortality rates have been observed in a large number of developed countries worldwide which may due to a higher cancer screening rates, reduced prevalence of risk factors, as well as the improved comprehensive treatment ([@b4-or-38-04-2123]--[@b6-or-38-04-2123]). As far as we know, surgical resection, adjuvant chemotherapy, radiation therapy and targeted therapy are treatments that may offer curative potential for patients with CRC ([@b7-or-38-04-2123]). Based on the scientific advances in affected gene detection by different technologies including gene expression tools, CRC could be classified into different molecular subtypes ([@b7-or-38-04-2123]). Though improvement of comprehensive treatment has been made, CRC is clinically resistant to conventional chemotherapy treatments ([@b8-or-38-04-2123],[@b9-or-38-04-2123]). Consequently, there is an urgent need to develop natural anticancer compounds which have higher efficacy and lower toxicity in the treatment of CRC.

Sanggenon C (C~40~H~36~O~12~), one of the most abundant flavonoids isolated from the stem bark of Morus cathayana, is a natural chemical entity of benzopyrone derivative, belonging to the class of flavonoids ([@b10-or-38-04-2123]). Flavonoids are widely distributed in the plants, which possess various biological and pharmacological properties, including anticancer ([@b11-or-38-04-2123]), anti-inflammatory ([@b12-or-38-04-2123]), antimicrobial, antiviral ([@b13-or-38-04-2123]), and immune-modulatory ([@b14-or-38-04-2123]) activities. As a flavanone Diel-Alder adduct compound, sanggenon C has been reported to possess some biological and pharmacological effects, such as anti-oxidant and anti-inflammation activities, according to the few reports up to now ([@b10-or-38-04-2123],[@b15-or-38-04-2123],[@b16-or-38-04-2123]). Further study demonstrated that sanggenon C could inhibit TNF-α-stimulated cell adhesion and decrease the expression of VCAM-1 through suppressing the activation of NF-κB ([@b15-or-38-04-2123]). Thereafter, sanggenon C has also been proposed to decrease the ICAM-1 expression at a post-translational level. Moreover, due to the potent cell toxicity of sanggenon C, it could serve as an effective candidate anticancer agent. These reports, although invaluable, are invariably incomplete, as the precise molecular mechanisms underlying sanggenon C-induced apoptosis still remains to be delineated.

To date, there is no available information about the anticancer effects and the mechanism of sanggenon C on human colorectal cancer cells. Therefore, this study was undertaken to address the effects of sanggenon C on CRC cells *in vitro* and clarify its potential mechanism.

Materials and methods
=====================

### Chemicals and cell culture

Sanggenon C (\>98% purity) was purchased from Biorbyt Ltd. (orb105480; Biorbyt Ltd., Cambridge, UK). The sanggenon C stock solution was prepared at 1 mM in dimethyl sulfoxide (DMSO) and stored at −20°C. Human colon cancer cell lines (LoVo, HT-29 and SW480) were obtained from the Shanghai Cell Collection (Shanghai, China) and cultured in DMEM medium (Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, Gibco), 1% antibiotics (100 IU penicillin and 100 µg/ml streptomycin), then maintained in a humidified incubator at 37°C with a 5% CO~2~/95% air atmosphere.

### Cell proliferation assay

Cell proliferation and viability was determined using the WST-8 tetrazolium salt assay (Cell Counting Kit-8; Beyotime Institute of Biotechnology, Wuhan, China) to quantify the amount of formazan dye formed when a tetrazolium salt is cleaved by cellular mitochondrial dehydrogenase. Cells were seeded in 96-well culture plates with a density of 5×10^3^/well, and allowed to adhere for 12 h. Then the supernatant was replaced and cells were incubated in fresh medium containing sanggenon C (0, 5, 10, 20, 40 and 80 µM) diluted from the stock solution for 0, 12, 24, 48, or 72 h. At 2 h before the end of the specified incubation periods, 10 ml CCK-8 reagent was added to each well. The absorbance at 450 nm was determined using a micro-plate reader (Victor3 1420 Multilable Counter; Perkin-Elmer, Waltham, MA, USA). DMEM containing 10% CCK-8 solution was used as a control. The percentage of cell survival representing the function of drug concentration was then plotted to determine the IC~50~ value.

### Hoechst 33258 staining

Colon cancer cells in exponential growth were modulated at a final concentration of 1×10^5^ cells per well on sterile cover glasses in the 6-well plates. After adherence, the supernatant was replaced and cells were cultured in fresh medium containing sanggenon C (0, 10, 20, and 40 µM) for 24 h. After exposure, the cells were subsequently fixed, washed three times with PBS and stained with 0.5 ml Hoechst 33258 staining solution (Sigma-Aldrich, St. Louis, MO, USA) for 5 min at room temperature in the dark. Then washed twice with PBS and the stained nuclei with apoptotic features were scored and categorized according to the condensation and staining characteristics of chromatin under a fluorescence microscope (BX51; Olympus Co., Tokyo, Japan). Ten random fields per dish were observed and counted.

### Measurement of reactive oxygen species (ROS)

The intracellular generation of ROS was measured using a 20, 70-dichlorofluorescin diacetate (DCFH-DA, Sigma-Aldrich). The adjusted concentration of colon cancer cells was 5×10^3^ cells/well in 96-well culture plates or 1×10^5^ cells/well in 6-well culture plates. After adherence, the supernatant was replaced and cells in 96-well culture plates were then cultured in fresh medium containing sanggenon C (0, 10, 20, and 40 µM) for 12, 24 or 48 h, while cells in 6-well culture plates were only cultured for 24 h. After exposure, the supernatant was removed, and the cells were washed with PBS for three times followed by maintaining with DCFH-DA (10 µM) in DMEM (without FBS) for 20 min and then washed again. The intracellular ROS detection of cells in 96-well culture plates was determined by the fluorescent absorbance value using a microplate reader (Victor3 1420 Multilabel Counter; Perkin-Elmer). The levels of intracellular ROS of cells in 6-well culture plates were verified by a fluorescence microscope (BX51; Olympus Co.).

### Measurement of ATP

ATP assay kit (S0026, Beyotime Institute of Biotechnology) was chosen to detect the levels of ATP. Colon cancer cells (5×10^3^ cells/well) seeded in 96-well culture plates were cultured and treated with sanggenon C (0, 5, 10, 20, 40 and 80 µM) for 0, 12, 24, 48 or 72 h as that in the measurement of intracellular ROS. After exposure, the supernatant was replaced, and cells were then broken by the lysis buffer in the kit at 4°C. Subsequently, the suspension of lysates was gathered, diluted and then mixed with the ATP detecting solution (100 µl). The levels of ATP were determined by the fluorescent absorbance value using a microplate reader with a standard curve which was calculated using the standard ATP concentration and the corresponding absorbance value as a control.

### Measurement of intracellular Ca^2+^

The level of intracellular Ca^2+^ was assessed using Fluo-3/AM (S1056, Beyotime Institute of Biotechnology). Cells (5×10^3^ cells/well) seeded in 96-well culture plates were cultured and treated with sanggenon C (0, 5, 10, 20, 40 and 80 µM) for 0, 12, 24, 48, or 72 h as that in the measurement of intracellular ROS and ATP. After exposure, the supernatant was removed, and cells were then washed three times using D-Hanks balanced salt solution (D-HBBS; Jinuo, Hangzhou, China) without Ca^2+^, Mg^2+^ and phenol red. Following, 5 µM Fluo-3/AM diluted by D-Hanks was applied to maintain cells for 60 min at 37°C. Subsequently, cells were then washed using D-Hanks further three times and balanced in D-Hanks for 30 min at 37°C. Finally, the levels of intracellular Ca^2+^ were determined by the fluorescent absorbance value using a microplate reader.

### Measurement of nitric oxide (NO) production

Griess method was adopted to detect the production of NO using an assay kit (S0021, Beyotime Institute of Biotechnology) based on the chemical diazotization reaction, which uses sulfanilamide and N-1-napthylethylenediamine dihydrochloride (NED) under acidic (phosphoric acid) conditions. Under the above condition, two stable breakdown products, nitrate (NO^3−^) and nitrite (NO^2−^) can be easily detected by photometric means instead of NO with transient and volatile nature. Cells (5×10^3^ cells/well) seeded in 96-well culture plates were cultured and treated with sanggenon C (0, 5, 10, 20, 40 and 80 µM) for 0, 12, 24, 48, or 72 h according to the aforementioned grouping. Then the production of NO in cells was measured by Griess method in accordance with the directions of the NO assay kit.

### Western blot analysis

Colon cancer cell lysates were prepared with RIPA lysis buffer (Beyotime Institute of Biotechnology) and phenylmethylsulfonyl fluoride (PMSF, Beyotime Institute of Biotechnology). The whole extracted cellular proteins were subjected to SDS-polyacrylamide gels and electro-transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). Transfer efficiency and homogeneous loading could be assessed by Ponceau stain. Membranes were blocked with 5% non-fat milk in TBST, then immunoblotted with several titrated primary antibodies (all from Cell Signaling Technology, Beverly, MA, USA) including anti-Bcl-2, anti-cleaved caspase-9, anti-cytochrome C (Cyt C), anti-inducible nitric oxide synthase (iNOS) or anti-GAPDH, overnight at 4°C. After washing with TBST three times, the membranes were labeled with a 1:10,000 diluted secondary antibody (LI-COR Biosciences, Lincoln, NE, USA) for 1 h at room temperature before they were washed further three times. Finally, the membranes were scanned using a two-color infrared imaging system (Odyssey, Lincoln, NE, USA). Membranes were probed for GAPDH as an additional loading control, and the protein band intensity was also determined.

### Xenograft tumor model

Male BALB/c-nu/nu nude mice (4--6 weeks old) were purchased from Beijing HFK Bioscience and housed in specific pathogen-free conditions under approved institutional animal care and use protocols. All animal experiments were approved by the Committee on the Use of Live Animals in Teaching and Research (CULATR), the First Affiliated Hospital of Zhengzhou University. Colon cancer cells, harvested from subconfluent cultures, washed in serum-free medium, then suspended in 100 µl PBS, were subcutaneously inoculated into the dorsal area of the nude mice. The tumor size was measured every 3 day, and when reached approximately 150 mm^3^ the nude mice were divided into four groups (six in each group): a control group, a low-dose group (2.5 mg/kg), a mid-dose group (5 mg/kg), and a high-dose group (10 mg/kg). Sanggenon C was administered via intraperitoneal injection every other day. Following, the mice were weighed, and the size of each tumor and its central necrotic area were monitored every 3 days. At the end of the experiment, tumors were harvested, weighed and then analyzed using hematoxylin and eosin H&E staining and TUNEL assay.

### H&E staining and TUNEL assay

For histologic analysis, tumor tissue was fixed in 4% formaldehyde, dehydrated with an ethanol gradient, and embedded in paraffin. Then the paraffin tumor tissue sections (4 µm) were obtained and stained with H&E. The TUNEL assay for apoptosis analysis was performed using an apoptosis detection kit (Roche Diagnostics, Branchburg, NJ, USA) according to the manufacturer\'s instructions. Positive cells were identified, counted (six random fields per slides), and analyzed by light microscopy (BX51; Olympus Co.).

### Statistical analysis

All data were expressed as the mean ± standard deviation (SD). The difference among groups was determined by ANOVA, while the difference between groups was analyzed by the Student\'s t-test using SPSS 17.0 for Microsoft Windows (SPSS Inc., Chicago, IL, USA). A P-value \<0.05 was considered to indicate a statistically significant result.

Results
=======

### Sanggenon C inhibits the proliferation of colon cancer cells

The inhibition of human colon cancer cell (LoVo, HT-29 and SW480) proliferation by sanggenon C was determined by CCK-8 cell viability assay after drug exposure maintained above, following 24 h culture in a drug-free medium. As shown in [Fig. 1](#f1-or-38-04-2123){ref-type="fig"}, sanggenon C could significantly inhibit the proliferation of colon cancer cells in a dose- and time-dependent manner. Of the three colon cancer cell lines, LoVo was the most sensitive to sanggenon C, while SW480 was the least sensitive. Therefore, HT-29 was chosen for the following experiments.

### Sanggenon C induces apoptosis of colon cancer cells

Apoptosis of HT-29 human colon cancer cells induced by sanggenon C was assessed by using the Hoechst 33258 staining. The apoptotic nuclei were identified by changes revealed in condensed chromatin as well as nuclear fragmentation with formation of apoptotic bodies. In the control group, the nuclei were stained lightly homogeneous blue, while in those treated with sanggenon C, bright condensed chromatin and nuclear fragmentation could be observed ([Fig. 2A-D](#f2-or-38-04-2123){ref-type="fig"}). Ten random fields per dish were counted and the mean values ± SD were expressed as the percentage of apoptotic cells. Significant changes were detected in the number of apoptotic cells, and the percentages of apoptotic cells in the control group, low-dose sanggenon C group (10 µM), mid-dose sanggenon C group (20 µM) and high-dose sanggenon C group (40 µM) were 1.27±0.46, 15.4±1.97, 26.3±3.26 and 38.9±3.13%, respectively ([Fig. 2E](#f2-or-38-04-2123){ref-type="fig"}).

### Sanggenon C induces the generation of intracellular ROS

To determine whether the effect of sanggenon C on the proliferation and apoptosis of human colon cancer cells is bound to the deregulation of cellular redox status, the intracellular generation of ROS was detected using DCFH-DA. The fluorescence intensity was reflected by a fluorescence microscope which showed that sanggenon C could increase the levels of intracellular ROS in human colon cancer cells, and this accumulation was enhanced when the dose was increased ([Fig. 3A-D](#f3-or-38-04-2123){ref-type="fig"}). The fluorescent absorbance results determined by a microplate reader displayed that the relative fluorescence value changed following the changes of the dose and treatment time of sanggenon C ([Fig. 3E](#f3-or-38-04-2123){ref-type="fig"}), which indicated that sanggenon C could interfere with the levels of intracellular ROS.

### Sanggenon C induces an increase in the level of intracellular Ca^2+^ and ATP

For the sake of understanding whether the effect of sanggenon C on the proliferation and apoptosis of human colon cancer cells is related to the fluxion of Ca^2+^ and the changes of generation of ATP, we assessed the levels of intracellular Ca^2+^ and ATP by the fluorescent absorbance value using a microplate reader. The detection results showed that sanggenon C could interfere and increase the levels of intracellular Ca^2+^ and ATP, both in a time-dependent manner, and this accumulation was enhanced when the dose was increased as shown in [Fig. 4](#f4-or-38-04-2123){ref-type="fig"}.

### Sanggenon C inhibits the production of intracellular NO

The inhibitory effect on the production of NO induced by sanggenon C which plays a significant role on the proliferation and apoptosis of human colon cancer cells was evaluated by Griess method as described above using a microplate reader. The intracellular NO levels in the culture media were measured as nitrite concentration and the detection results showed that sanggenon C could notably interfere and inhibit the NO production both in a dose- and time-dependent manner as shown in [Fig. 5](#f5-or-38-04-2123){ref-type="fig"}.

### Sanggenon C induces apoptosis of colon cancer cells via inhibiting iNOS expression and triggering the activation of the mitochondrial pathway

To further study the detailed mechanism underlying sanggenon C-induced apoptosis, we examined the effect of sanggenon C on iNOS expression and the key protein levels of mitochondrial pathway using western blotting. Sanggenon C could inhibit iNOS expression and lead to an increase in the levels of Cyt C, which is known as the critical role that activate caspase-9 and the subsequent mitochondria-mediated apoptosis. Sanggenon C caused a decrease in Bcl-2 levels as shown in [Fig. 6](#f6-or-38-04-2123){ref-type="fig"}.

### Sanggenon C inhibits the growth of colon xenograft tumors in vivo

On the basis of the data above, we further investigated the effects of sanggenon C on xenograft colon tumor *in vivo*. As shown in [Fig. 7A](#f7-or-38-04-2123){ref-type="fig"}, tumors grew rapidly in the control group (2231.8±112.7 mm^3^), while the growth was significantly suppressed in the disposed groups in a dose-dependent manner (1544.7±116.8 mm^3^ in low-dose group, 1167.4±129.6 mm^3^ in mid-dose group and 833.8±91.3 mm^3^ in high-dose group). At the end of the experiment, the weight of the harvested tumors in control group was heavier than that of the tumors in high dose group, mid-dose group and even the low-dose group (P\<0.05).

Tumor tissues isolated from the xenograft mice of the four groups were then processed for H&E staining (not shown) and TUNEL assay as described. It demonstrated that sanggenon C produced significant cell apoptosis in the tumor mass ([Fig. 7B](#f7-or-38-04-2123){ref-type="fig"}), whereas little apoptosis was observed in the control group (P\<0.05).

Discussion
==========

Redox regulation has been demonstrated to play a critical role in physiopathological contexts and the free radicals, from NO and superoxide anion (O~2~^−^) to other forms of ROS, have been proved to be involved in different biological and regulatory processes ([@b17-or-38-04-2123]--[@b19-or-38-04-2123]). ROS, generated from various extracellular and intracellular actions, have drawn attention as novel host defending molecular and play critical roles promoting cancer development by inducing genomic instability, modifying gene expression, as second messengers, in various signaling pathways ([@b20-or-38-04-2123],[@b21-or-38-04-2123]). Mitochondrial oxidative metabolism, which release ROS as a byproduct or a waste product of normal mitochondrial metabolism and homeostasis, is the main resource of cellular ROS; while the other response to xenobiotics, cytokines or bacterial invasion which generate ROS either in molecular synthesis or in breakdown, is another resource of ROS ([@b22-or-38-04-2123],[@b23-or-38-04-2123]).

Sanggenon C, a natural chemical entity of benzopyrone derivative, possesses various biological and pharmacological properties, including anticancer, anti-inflammatory, antimicrobial, antiviral, antithrombotic, and immune-modulatory activities. Previous study reported that sanggenon C induced death of human K562 cancer cells and primary cells isolated from leukemic patients via induction of cell cycle arrest and cell death ([@b15-or-38-04-2123]). Our *in vitro* data demonstrated that sanggenon C inhibit the proliferation of colon cancer cells including LoVo, SW480, and HT-29 cells in a dose- and time-dependent manner. Sanggenon C treatment at the concentration of 10, 20, and 40 µM resulted in an induction of HT-29 cell apoptosis. We also found that sanggenon C could increase the levels of intracellular ROS in HT-29 colon cancer cells. These results were further confirmed in our *in vivo* study, as sanggenon C treatment suppressed xenograft colon tumor growth and enhanced xenograft colon tumor apoptosis.

Mitochondrial membrane permeabilization (MMP) is classically considered as a point of no return in multiple forms of cell death which is involved in diseases including cancer. With many different stimuli, mitochondrial Ca^2+^ overload was confirmed to drive ROS generation, which makes it the main triggering signal as well as ROS that leads to MMP and releases of proapoptotic factors, which initiates cell apoptosis and death ([@b24-or-38-04-2123],[@b25-or-38-04-2123]). As a key signaling molecule involved in the regulation of multiple aspects of mitochondrial respiration/oxidative phosphorylation, NO is known to play a vital role in various physiological conditions, and the overproduction of NO is responsible for the pathophysiological development of cancer. The expression of NO depend on a medically relevant dual regulation pathway mediated by traditionally characterized NO synthases (NOS) including inducible (iNOS, NOS2), neuronal (nNOS, NOS1) and endothelial (eNOS, NOS3) types and by enzymatic reduction of available cellular nitrite pools by a diverse class of cytosolic and mitochondrial nitrite reductases ([@b26-or-38-04-2123],[@b27-or-38-04-2123]).

The role of the calcium-independent iNOS in tumorigenesis is highly complex and quite perplexing, with both pro- and anti-neoplastic functions having been described. The dual actions of iNOS-derived NO show that the mount of NO, cell types, cellular microenvironment, its interaction with other reactive species and presence of metals are contributing factors to these observations and ultimately to cellular outcomes ([@b28-or-38-04-2123],[@b29-or-38-04-2123]). Sanggenon C was studied for the mechanism of its action in the ROS generation and apoptotic pathway in the HT-29 colon cancer cells. Treatment of Sanggenon C resulted in increased levels of intracellular Ca^2+^ and ATP. In addition, there was a decrease in the cellular levels of NO production in the sanggenon C treated HT-29 colon cancer cells. Furthermore, our study demonstrated that the cytotoxic effect of sanggenon C on the HT-29 appeared to be through inhibition of iNOS expression, which is known to activate the activity of caspase-9 and the subsequent mitochondria-mediated apoptosis. Thus, sanggenon C may represent a novel chemotherapeutic agent worth continued investigation in the treatment of CRC.

In this study, we evaluated sanggenon C-induced apoptosis in HT-29 colon cancer cells as a result of the increased ROS generation and activation of the mitochondrial pathway by the inhibition of the iNOS and decreased NO production. These results lead us to speculate that sanggenon C may play a role in an apoptotic cascade in HT-29 colon cancer cells via mitochondrial pathway. This study is potentially interesting with regard to the antitumor effect of sanggenon C as it relates to the development of novel chemotherapeutic approaches in the treatment of malignant CRC.

![Dose- and time-dependent effects of sanggenon C on human colon cancer cell viability (LoVo, HT-29 and SW480).](OR-38-04-2123-g00){#f1-or-38-04-2123}

![Apoptosis of HT-29 cells induced by sanggenon C. The images represent control group (A), low-dose sanggenon C (10 µM) (B), mid-dose (20 µM) (C) and high-dose (40 µM) (D) group. (E) Statistical results of apoptotic cells, \*P\<0.05 versus control.](OR-38-04-2123-g01){#f2-or-38-04-2123}

![Level of intracellular ROS in sanggenon C-treated HT-29 cells. The images represent control group (A), low-dose sanggenon C (10 µM) (B), mid-dose (20 µM) (C) and high-dose (40 µM) (D) group. (E) Statistical results of dose- and time-dependent generation of ROS, \*P\<0.05 versus control.](OR-38-04-2123-g02){#f3-or-38-04-2123}

![Level of intracellular Ca^2+^ and ATP in sanggenon C-treated HT-29 cells. (A and B) represent the statistical variation tendency of dose- and time-dependent generation of intracellular Ca^2+^ and ATP, respectively.](OR-38-04-2123-g03){#f4-or-38-04-2123}

![Level of intracellular NO in sanggenon C-treated HT-29 cells. It represents statistical results of dose- and time-dependent inhibition manner of NO, P\<0.05 versus control.](OR-38-04-2123-g04){#f5-or-38-04-2123}

![Western blots showing the expression of iNOS and key proteins of mitochondrial pathway. \*P\<0.05 versus control.](OR-38-04-2123-g05){#f6-or-38-04-2123}

![*In vivo* antitumor effect of treatment groups in a colon tumor xenograft mouse model. (A) The tumor volume obtained at the end of the experiment. (B) The detection of apoptosis cells in tumor tissue by TUNEL assay. \*P\<0.05 versus control.](OR-38-04-2123-g06){#f7-or-38-04-2123}
